Aspirin, as an inhibitor of platelet aggregation, may be of benefit in ischemic heart disease. However, aspirin blocks not only platelet aggregation but also synthesis of prostacyclin, a vasodilator and platelet deaggregator. The relative sensitivity of prostaglandin-mediated coronary vasodilatation and platelet aggregation to inhibition by aspirin remains uncertain. We therefore investigated the relative dose-response relationship of aspirin on arachidonic acid-induced increments in coronary blood flow and on ADP-induced aggregation of platelets. In 11 open-chest dogs, intracoronary arachidonic acid, 0.1-3.0 mg, produced doserelated increases in coronary blood flow that were inhibited progressively by i.v. aspirin over the dose range 0.3-3.0 mg/kg. Aspirin at 3 mg/kg almost completely obliterated the response to 3 mg of arachidonic acid. Similarly, aspirin doses of 0.3-3.0 mg/kg progressively raised the minimal concentration of ADP necessary for platelet aggregation. The threshold concentration of ADP that produced aggregation of platelets from 10 control dogs ranged from 2.3 X 104 M to 1.2 X 10-M. Aspirin at 3 mg/kg completely inhibited aggregation of platelets from 11 of 12 dogs, even with ADP at 2.3 X 104 M concentration, the maximum tested. Aspirin at 0.1 mg/kg failed to inhibit either ADP-induced platelet aggregation or arachidonic acid-induced increments in coronary blood flow. Thus, the two test systems showed similar sensitivity to inhibition by aspirin with respect to threshold dose and maximal effect. These results show that very low doses of aspirin inhibit arachidonic acid-induced coronary vasodilatation and that aspirin at low doses does not appear to selectively inhibit platelet activity relative to coronary vasodilatation.
THE SUGGESTION that frequent use of aspirin is associated with a decreased incidence of acute myocardial infarction1 2 has led to extensive clinical trials of the role of aspirin and other antiplatelet agents in the prevention of infarction. Aspirin's antiplatelet activity is a possible mechanism for benefit in coronary artery disease. However, aspirin also inhibits synthesis of prostacyclin, a potent vasodilator and platelet deaggregator generated from arachidonic acid in vascular tissues. 3' 4 The aspirin-induced defect occurs early in the prostaglandin pathway through inhibition of cyclooxygenase, the enzyme that converts arachidonic acid to prostaglandin endoperoxides. 6 In vitro studies with human platelets and cultured human arterial smooth muscle cells" or microsomes from human aortas and coronary arteries7 suggest that platelet cyclooxygenase is more sensitive to inhibition by the aspirin than is the cyclooxygenase of vascular tissue. Additionally, platelet aggregation was suppressed at lower oral doses of aspirin than was production of prostacyclin by incubated mesenteric artery slices from rabbits.8 Selective inhibition of platelet aggregation without inhibition of synthesis of vasodilator prostaglandins might maximize potential for benefit in ischemic heart disease. If possible, treatment of ischemic heart disease should use doses of aspirin that produce such selective inhibition. Other investigators'-8 assessed inhibition of cyclooxygenase or inhibition of prostacyclin production in vitro vascular preparations but did not evaluate the ability of aspirin to alter prostaglandin-mediated changes in coronary blood flow in the intact animal. We therefore tested the relative sensitivity of platelet aggregation and prostaglandin-mediated coronary vasodilatation to inhibition by aspirin in dogs.
Methods

Coronary Flow Measurements
Dogs of either sex weighing 21-30 kg were anesthetized with 40 mg/kg of i.v. sodium pentobarbital, intubated and ventilated with a respirator. Arterial oxygen saturation above 88% and pH of 7.35-7.45 were maintained by adjustments in ventilation. The heart was exposed through a left thoracotomy and suspended in a pericardial cradle. An electromagnetic flow probe (Carolina Medical Electronics) was placed around the left anterior descending coronary artery (LAD). Zero flow was determined by brief occlusion of the artery just distal to the flow probe. A 27-gauge lymphangiographic needle was inserted in the LAD distal to the probe for intracoronary (i.c.) administration of arachidonic acid. Clotting within the lumen of the needle was prevented by a slow but constant infusion (< 0.2 ml/min) of heparin 10 U/ml in normal VOL 62, No 6, DECEMBER 1980 saline. LAD blood flow, femoral artery pressure and ECG were continuously monitored.
Arachidonic acid (> 99%; NuChek) was dissolved in 0.1 M carbonate under nitrogen atmosphere. The pH was adjusted to 9.3 with HCl. Final dilutions in saline were made immediately before each injection. Arachidonic acid was injected directly into the coronary vessels through an intracoronary needle in doses of 0. 1, 0.3 and 1.0 mg (1 mg/ml) and 3 mg (5 mg/ml). Each drug injection was made over approximately 15 seconds and was followed by a l-ml saline flush over the next 15 seconds. Intracoronary injection of the vehicle alone (0.1 M carbonate, pH adjusted to 9.3 with HCI) produced a transient increase in coronary flow in some dogs; however, the increase was always less than 5% of the response to arachidonic acid in an equal amount of vehicle.
Aspirin (acetylsalicyclic acid, crystalline, Sigma) was dissolved in saline by adding 1 M sodium bicarbonate in sufficient amounts to solubilize the aspirin but maintains the pH below 8. Aspirin was administered in doses of 0.1-3.0 mg/kg i.v.
For each of 11 dogs, the experimental protocol consisted of (1) two baseline determinations of the response to 0.1, 0.3 and 1.0 mg of i.c. arachidonic acid, (2) administration of aspirin in increasing comulative doses of 0.1, 0.3, 1.0 and 3.0 mg/kg i.v., and (3) repetition of the arachidonic acid dose-response evaluation 12 minutes after each dose of aspirin. When inhibition of response was evident after any particular dose of aspirin, an additional 3 mg of arachidonic acid was administered. The 3-mg dose of arachidonic acid was not administered during baseline determinations, as it often resulted in a marked and prolonged decrease in systemic arterial pressure. The time between first administration of arachidonic acid and the end of the study was 3 hours.
In a series of five control dogs given no aspirin, arachidonic acid dose-response evaluations were repeated hourly to determine the reproducibility of the response with time.
Platelet Aggregation
Blood samples for platelet studies were obtained before administration of drugs (baseline) and 10 minutes after each dose of aspirin from seven of the drug-treated dogs and from eight additional dogs that received i.v. aspirin but no arachidonic acid. Because platelet reactivity did not differ between the two groups, the data from all 15 dogs were pooled.
Blood from leg veins was drawn into plastic by a two-syringe technique using as anticoagulant a mixture of trisodium citrate and citric acid with 120 mM total citrate concentration and pH 5.0. For each sample, 33 ml of blood were drawn into 5 ml of anticoagulant. Samples were centrifuged in plastic tubes successively at 300 g and 2000 g for 15 minutes to collect, respectively, platelet-rich plasma (PRP) and platelet-poor plasma (PPP). PRP was diluted with PPP as needed to give a final platelet count of 300,000/mms. Adjusted PRP had a pH of 7.1-7.3 and was maintained continuously in contact with an atmosphere of 5% CO2 in air. Aggregation was measured in a Payton Aggregometer at 37°C with a stirring rate of 1000 rpm. Aggregation was induced in 0.45-ml aliquots of adjusted PRP by addition of small volumes (10-50 gl) of ADP (Sigma) in saline to give final ADP concentrations of 2.3 X 10W6 to 2.3 X 10-4 M. The minimal concentration of ADP that induced full platelet aggregation was determined for each sample. Full aggregation was defined as a sustained increase in optical transmission in excess of 50%, on a linear scale adjusted so that PRP gave 0% transmission and PPP gave 90% transmission.
Statistical Analyses
For coronary flow data, values are reported as mean SEM. Statistical analyses were performed using the t test for paired data. For platelet data, the Wilcoxon rank-sum test was used to determine significant differences between groups.
Results
Coronary Blood Flow
Hemodynamic data for aspirin-treated and control dogs are summarized in table 1. Systemic arterial pressure, heart rate and coronary flow did not vary with time and were not significantly altered by i.v. aspirin, up to 3 mg/kg. Arachidonic acid, 0.1-1.0 mg i.c., produced dosedependent increments in coronary blood flow ( fig. 1 ). For each injection, total volume increment was determined by planimeter. Although the magnitude of the volume response varied considerably from dog to dog, each dog exhibited progressive increases in the flow response with increasing doses of arachidonic acid ( fig. 2 ). To normalize values, each response was subsequently expressed as a percentage of the average initial volume response to 1 mg of arachidonic acid in the same dog.
The arachidonic acid-induced increments in coronary blood flow were inhibited by aspirin in a dosedependent fashion ( fig. 3 ). Aspirin, 0.1 mg/kg, did not from a single dog showing the progressively diminishing aggregation response with increasing doses of aspirin are given in figure 5 . Values of the minimum dose of ADP required to produce full platelet aggregation in individual samples are plotted in figure 6 . The minimum ADP dose necessary to produce platelet aggregation in control samples ranged from 2.3 X 10-6 M to 1.2 X 10-5 M. After aspirin, 0.1 mg/kg, minimum ADP doses were not different from control. After aspirin, 1 mg/kg, the minimum dose of ADP required to produce full aggregation was significantly higher (p < 0.05). Platelet samples obtained after administration of 3.0 mg/kg of aspirin did not aggregate fully even in the presence of the highest ADP concentration used, 2.3 X 10-4 M. Figure 7 shows the percentage of dogs whose platelets required at least a twofold increase in ADP concentration to achieve full aggregation or failed to aggregate fully even at maximal ADP concentrations after a given i.v. dose of aspirin. Aspirin, 0.1 mg/kg, failed to inhibit aggregation of platelets from any of the dogs. However, 0.3 mg/kg of aspirin produced partial inhibition of platelet aggregation, i.e., raised the minimum dose of ADP necessary to induce full aggregation, in five of eight dogs. At aspirin doses of 1.0 and 3.0 mg/kg, platelets from all dogs exhibited at least partial inhibition of ADP-induced aggregation. At 3.0 mg/kg of aspirin, platelets from 11 of 12 dogs were fully inhibited, i.e., failed to aggregate with even the highest ADP concentration, and platelets from the one dog were partially inhibited.
Thus, the two test systems exhibited similar sensitivity to inhibition by aspirin with respect to threshold dose and maximum effect. Bars represent the percentage of dogs in each group whose platelets required a greater ADP concentration to induce full aggregation (PA) after administration of ASA. N = number of dogs in each group. The shaded area indicates that platelets from 11 of 12 dogs receiving 3 mg/kg ofASA failed to aggregate with the maximum ADP concentration.
Discussion
Aspirin is known to impair the hemostatic properties of human platelets.9 In experimentally produced partial coronary obstruction in dogs, aspirin has been shown to abolish the spontaneous, cyclical reductions in flow that are presumably due to platelet aggregation in vivo and are associated occasionally with arrhythmias and death.10 Thus, aspirin's ability to suppress platelet activity might prove beneficial in ischemic heart disease, and may be the basis for the suggested negative association between aspirin use and incidence of myocardial infarction in retrospective' as well as in prospective" studies. Early results from the Anturane Reinfarction Trial, a prospective study, indicate that sulfinpyrazone, another drug that suppresses platelet function, reduces the incidence of cardiac death in the first year after myocardial infarction. '2 Aspirin, however, interrupts prostaglandin synthesis early in the synthetic pathway through inhibition of cyclooxygenase, the enzyme that converts arachidonic acid into cyclic endoperoxides.6 Because this action also interferes with vascular synthesis of prostacyclin, a potent vasodilator and platelet deaggregator, it is important to discern whether a dose-related dissociation between aspirin's effects on platelet aggregation and on prostacyclin production in the vessel walls is possible.
It has been shown that the arachidonic acid-induced decrease in systemic arterial pressure in the dog is inhibited by aspirin13 and is independent of the presence of platelets.' Arachidonic acid injected directly into a coronary artery in small doses produces an increase in coronary flow, with little or no systemic effect.'6 Hitze et al.'6 demonstrated that meclofenamic acid, an inhibitor of prostaglandin synthesis, blocked arachidonic acid-induced coronary vasodilatation but not coronary responses to a vasodilator prostaglandin.
These data indicate that vasodilatation results from arachidonic acid conversion to a vasodilator prostaglandin, probably prostacyclin.16818 Our results support this conclusion and also show that a substantial inhibition of conversion, as assessed by in vivo vasodilator response, is produced by extremely low doses of aspirin. These low doses correspond to minimum doses that fully inhibit platelet aggregation not only in the dog ( fig. 6 ) but also in man"9 and other species."
Our results appear to contradict a report by Limas and Cohn,20 who found that canine myocardial prostaglandin synthase is insensitive to aspirin. However, these workers used an isolated, broken-cell preparation of the entire myocardium, and it may be that this in vitro preparation contained relatively little enzyme from coronary vasculature.
After we demonstrated that aspirin could inhibit arachidonic acid-induced coronary dilatation, we compared the sensitivity of aspirin in inhibiting this action with the sensitivity of aspirin in inhibiting platelet aggregation. Aggregation of platelets by ADP was studied because aspirin inhibits the second wave of ADP-induced aggregation.9 21 Our results indicate that the dosage of aspirin for inhibition of arachidonic acid-induced coronary vasodilatation is similar to that for inhibition of ADP-induced platelet aggregation.
Aspirin's antiplatelet activity may also depend on its ability to interrupt prostaglandin synthesis.22 '23 Because aspirin inhibits prostaglandin production early in the pathway, it blocks synthesis not only of prostacyclin but also of thromboxane A2, a potent vasoconstrictor and platelet aggregator24 generated in platelets28' 26 from arachidonic acid. The nature of the involvement of the prostaglandin system in aggregation of canine platelets is not fully understood, as dog platelets are unique in that addition of arachidonic acid results in production of thromboxane A2 but not in platelet aggregation.27 Nonetheless, we found that aspirin consistently inhibited ADP-induced in vitro aggregation of canine platelets in a dose-related fashion. This would suggest that, for canine platelets, thromboxane A2 production is a necessary but not sufficient cause of aggregation. Very recent data strongly support this concept. In an appropriate biochemical environment (i.e., low levels of platelet cyclic AMP), arachidonic acid will indeed aggregate dog platelets, but this effect of arachidonic acid is blocked by low concentrations of aspirin.28 Thus, dog platelets do not appear to exhibit primary unresponsiveness to thromboxane. Rather, the levels of cyclic AMP in dog platelets seem to exert a uniquely important modulating influence on arachidonate-induced aggregation responses. Although canine platelets differ from human platelets with respect to sensitivity to arachidonic acid, the minimum aspirin doses that inhibit aggregation of dog platelets are comparable to those that inhibit aggregation of human'9 and rabbit' platelets.
Thus, although there may be some ambiguity in comparing the relative efects of aspirin on dog platelets and coronary vessels, our most important finding was Weksler,29 who found that low concentrations of aspirin inhibited prostacyclin production by cultured human endothelial cells. They concluded that the cyclooxygenase of endothelial cells and the cyclooxygenase of platelets are equisensitive to aspirin.
Applicability of our findings to the clinical setting is restricted by several factors. First, species differences cannot be discounted. Second, differences in route of aspirin administration might compound the species difference. Clinically, aspirin would most likely be administered orally; we gave aspirin intravenously. When aspirin is administered orally, the platelets may be exposed to a much higher concentration of drug than is the vasculature. Third, we evaluated platelet and vascular activity 10 minutes after aspirin administration, but did not address a differential sensitivity that may occur with time. Jaffe and Weksler29 found that once aspirin is removed from the environment, endothelial cells are able to regenerate cyclooxygenase completely within about 36 hours. This contrasts sharply with platelets, which cannot resynthesize the enzyme. Fourth, in the setting of ischemia, the beneficial effect of aspirin in inhibiting platelet aggregation may outweigh the potentially harmful influence of interruption of prostacyclin synthesis. Although prostaglandins of the E and F series are released during experimental myocardial ischemia,3032 it is not known whether prostacyclin is released or whether any of these endogenous prostaglandins have a role in the maintenance of vascular tone during ischemia. In diseased human coronary vessels, prostacyclin generation may be impaired even in the absence of aspirin. Further, platelet behavior within ischemic tissue may differ substantially from that observed during in vitro testing.
Nonetheless, our results suggest that we cannot assume that low-dose aspirin will inhibit platelet aggregation while allowing continued prostacyclin production in the coronary arteries. Drugs exerting a more selective platelet-inhibitory action than aspirin may be more effective in the prevention and treatment of coronary artery disease. measured with tracer microspheres ('41Ce, 8Sr and 95Nb) 5 minutes after occlusion before TNG, 20 minutes after TNG and again at 8 hours. Mean blood pressure decreased from 103 to 84 mm Hg with TNG, vs 99 to 94 mm Hg in controls (p < 0.02). Nitroglycerin increased CBF in the subendocardium of ischemic areas by 45% (0.09 to 0.13 ml/min/g). The dogs were sacrificed after 24 hours and IS was estimated morphometrically (25 ± 1% vs 27 ± 1% of left ventricular weight) and from myocardial CK depletion (23 ± 1% vs 24 ± 1%) were similar for the two groups. Thus, despite increased subendocardial CBF, prolonged i.v. TNG did not decrease infarct size, although a 15% difference would have been detected with this sample size. TNG may relieve coronary spasm but does not appear to be beneficial with sustained coronary occlusion.
NITROGLYCERIN has long been used clinically for the treatment of angina pectoris, although the basis of relief of angina is controversial. Nitroglycerin reduces ventricular afterload and preload by venular and arteriolar dilatation' and has been proposed as the predominant mechanisms for relief of angina. Whether nitroglycerin increases coronary flow as a result of direct coronary vasodilatation2 is controversial, but redistribution of flow to the ischemic subendocardium is well documented and may play a role in its beneficial effect.3-5 Recently, nitroglycerin was found to be beneficial in patients with heart failure that occurred in association with acute myocardial infarction.6'8 The recent use and availability of i.v. nitroglycerin and the demonstration of a beneficial effect on myocardial ischemia in experimental animals have encouraged its use in patients with acute myocardial infarction, despite the possible reduction of coronary perfusion pressure. Smith et al. 9 showed that nitroglycerin administered intravenously to dogs with evolving myocardial infarction was associated with decreased ST-segment elevation. Flaherty et al."' observed similar effects in patients with acute myocardial infarction. When methoxamine or phenylephrine was administered with nitroglycerin to prevent the associated drop in blood
